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In the last two decades, a decrease in the cost of sequencing has led to a steep increase in the 44 amount of genetic information generated. One aspect of this proliferation of data is an increase 45 in genome-wide association studies (GWAS), each of which requires thousands of individuals to 46 be genotyped or sequenced. In order to interpret the results of a GWAS, it is necessary to 47 condense the large amount of information into a graphic that is still readable and 48 understandable. 49 50 The classic visualization for GWAS results is the Manhattan plot (1) . Named because of its 51 resemblance to the skyline of a city with a row of tall buildings, the Manhattan plot shows 52 associations for variants across the genome with a given phenotype. Each point displayed on a 53
Manhattan plot represents a single point mutation, or single nucleotide polymorphism (SNP), 54 with the chromosome position plotted along the X axis, and the negative log of the P value for 55 the association test shown on the Y axis. While most measured SNPs have low negative log P 56 values indicating that their associations to the trait being measured by the GWAS are not 57 significant, some SNPs will be highly associated and will thus appear higher on the Y axis (2). 58
59
The typical Manhattan plot is useful for providing an overview of the GWAS, showing where 60 significant associations exist on a whole-genome view. These plots are rendered either as static 61 images or as interactive visualizations (3) (4) (5) . However, a typical two-dimensional Manhattan plot 62 has several drawbacks inherent to its medium: 1) the density of information can potentially 63 4 obscure interesting results; 2) even in interactive Manhattan plots, selecting a point of interest 64 can be difficult within a dense cluster; 3) additional context such as the population-level allele 65 frequency could aid with interpretation of the results. In addition, standard visualization methods 66 for adding dimensionality (such as varied colors, textures, or shapes) will not work due to the 67 density of information, meaning that adding extra context to a two-dimensional Manhattan plot 68 presents as difficult to impossible. 69
70
Of course, traditional static Manhattan plots also lack the ability to zoom in to observe details 71 about specific SNPs, and generally do not provide any identification of individual SNPs unless 72 this information is manually overlaid on the figure through image editing software. Static 73
Manhattan plots also fail to offer additional information about specific SNPs, such as relative 74 abundance or specific chromosomal position. Interactive Manhattan plots offer improvement in 75 many of these areas, but some problems persist due to the natural limitations of two 76 dimensions. 77
78
An innovation in technology that is being applied to large genomic datasets is virtual reality 79 (VR). VR applications have been created for several subfields of biology and genetics, 80 including visualization of synteny (6), tracing of neural pathways (7), or three-dimensional 81 protein structure (8) (9) (10) . These visualizations exist natively in a three-dimensional environment, 82 making them ideal candidates for exploration in virtual reality. 83 84 VR is ideal for visualizing large amounts of data that may not be suitable for the constrained 85 display space of two-dimensional monitors. It also permits interaction, allowing for the 86 exploration of data within the figure by observers. A VR-based framework for visualization of 87 genetic or genomic data should be flexible, allowing various datasets to be imported and 88 rendered without requiring any modification of the source code. 89 5 90 One drawback to VR-based visualizations is that creation of the visualization requires a 91 combination of multiple skills. These visualizations are typically created using either WebXR in 92 HTML (6) or an application framework such as Unity or Unreal Engine (8, 10) , requiring 93 considerable programming experience. Additionally, VR equipment is not yet widely deployed, 94 meaning its availability to researchers may be limited. An ideal VR visualization application 95 should 1) require minimal technical expertise on the user's part, and 2) be able to display 96 information in a virtual world using a standard monitor. 97
98
We created BigTop, a React-based (11) web application that uses the A-Frame framework (12) 99 to render input GWAS summary data in three dimensions. BigTop launches an interactive three-100 dimensional environment that renders GWAS summary data in three dimensions, wrapping the 101 data in a cylindrical fashion around the user similar to other cylindrical visualizations such as 102 Circos (13). BigTop supports data interaction either through a VR headset or through the 103 combination of a monitor, mouse, and keyboard, allowing users to navigate within the 104 environment and select individual data points to glean more information. Data is read into 105 BigTop in JSON format, but can be provided as a multi-column TSV file and converted to JSON 106 by an included script. examining SNPs related to grain size (16) . Toggling between datasets may be accomplished by 205 switching the information in chrInfo.json and cytobands.json, and changing the data file 206 referenced in the main app.js script. 207 11 Results 208
Exploring Human & Non-Human Data 209
The BigTop rendered 3D image allows a user to explore his or her data through interaction; 210 initially loading in the center of the cylindrical image of a GWAS wrapped around the user, the 211 user may move both the location and angle of the camera. As seen in Figure 2 In this paper, we present BigTop, an easy-to-use, interactive VR-based method for exploring 282 genome-wide association study (GWAS) data. This tool aims to increase the information 283 density of the traditional GWAS Manhattan plot, while also allowing interactivity and increased 284 customization and ease of multi-dimensional exploration. BigTop can be run on a local machine 285 or with multiple currently available VR platforms including Oculus Rift, HTC Vive, and Google 286 Daydream. BigTop launches as an HTML object in a Chrome web browser on Windows, Mac, 287 and Unix machines, and can be hosted on an external website, such as GitHub Pages, to allow 288 other users to access and explore the visualization with a link without needing to install or setup 289 any components on their local machine. BigTop reads in a simple comma-separated list, and 290 requires only four components per SNP to render it in three dimensions. BigTop can handle 291 GWAS data from any organism, and settings such as the number and size of chromosomes and 292 pattern of cytoband staining may be altered to suit the chosen organism. 293 294 BigTop has several limitations, and there is room for continued improvement and expansion. 295
Currently, BigTop does not support swapping datasets without the need for direct editing of the 296 source code. In a future update, we look to bring a graphical user interface (GUI) to the tool, 297 allowing for the selection of the input dataset, chromosome information, and cytoband pattern 298
